A numerical model for anisotropic contact interfaces including adhesion and friction is discussed and illustrated by numerical examples. Particular attention is paid to the validation of the proposed model via experiments, where the influence of the anisotropic interface on a path of a sliding block is checked. It is shown that with the classical orthotropic Coulomb type friction model some particular kinematic effects cannot be included, while the proposed orthotropic adhesion -orthotropic friction interface model allows to qualitatively describe the observed phenomena.
INTRODUCTION
Smoothness and isotropy of contacting body surfaces can vary considerably for different contact problems. Classifying the surfaces roughness two types can be distinguished: a) surfaces with randomly distributed asperities, and b) asperities with algorithmic structure, e.g. the considered surface shows different macro properties in different directions.
Mechanical characteristics for the associated contact problems of the first type a) are obtained via statistically distributed asperities. Statistical analysis of a real rough surface and experimental aspects of its measurements have been developed in a series of publications: some first publications as Longuet-Higgins [1] , Greenwood and Williamson [2] etc. and more recently by Greenwood [3] . A comparative analysis of these surface models is presented in McCool [4] . Such experimentally proved models later have been incorporated into finite element models, see e.g. Wriggers and Zavarise [5] , Buczkowski and Kleiber [6] . More advanced numerical analyses including homogenization methods and multi-scaled modeling are presented in Bandeira et. al. [7] , [8] .
Constitutive modeling is applied for problems of the second type b). Such models are based on the generalization of Coulomb's friction law into the anisotropic domain. One of the first models has been proposed by Michalowski and Mroz [9] considered the sliding of a rigid block on an inclined surface. A model of orthotropic friction has been analyzed and consistently developed in Zmitrowicz [10] , see also Curnier [11] . Various cases of anisotropy were presented in He and Curnier [12] based on the theory of tensor function representations and in Zmitrowicz [13] based on the consideration of a relative sliding velocity. In the latter contribution, a classification of anisotropic surfaces based on the number of eigenvalues of the friction tensor has been proposed.
When looking at practical problems concerning friction there are some situations in which the tangential elasticity of the contact surfaces should be taken into account. Such a model including anisotropy for both friction and adhesion has been developed and analyzed numerically in Konyukhov and Schweizerhof [14] as a generalization of the computational model for isotropic friction developed in [15] . In the current contribution we discuss the validation of this model with a particular experimental test. The contact surfaces are chosen to posess elastic properties, thus a corrugated rubber mat is taken. The results of the experiments show the necessity to use a computational model including anisotropy for both friction and adhesion. Thus, some originally surprising experimental phenomena, as e.g. geometrical isotropy despite obvious physical anisotropies can be explained only within the proposed model, though the latter shows rather qualitative correlations than quantitative ones.
EXPERIMENTAL INVESTIGATION
A series of experimental tests is performed in order to investigate the global characteristics of the system " block on a rough surface". The rough surface has visually a clear periodical structure and, therefore, the mechanical model of an observable orthotropic structure. The focus is on the kinematical behavior of the block driven by a constant force together with the measurement of force components leading to this motion. Therefore, the main measurable characteristics in these experiments are global forces and trajectories of the block, which create a main basis for further calibration of computational models for orthotropic friction. For the judgment of the results Coulomb like models are assumed a-priori to be valid for the global behavior, i.e. that the tangential driving global force F is proportional to the normal reaction N : F = f (x, y)N , where a function f (x, y) describes the orthotropic properties of a surface.
Experimental setup
A massive block positioned on a plane is moved with constant velocity by a sliding carriage guided by rods on both sides, see Fig. 1 . The block made from steel has dimensions 110 × 110 mm in plane and 20 mm height. The mass is m = 1.875kg. The contact surface between the sliding carriage and the block is covered with a Teflon strip to minimize the friction between them due to relative sliding. In contrast to this, the contact surface of the steel block is covered by a suede-like material with dimensions 90 × 90 mm to increase the interaction between the block and the basement. A constant driving velocity is achieved by a step motor acting on a rack, which allows a straight displacement of 500 mm. The contact force between the rack and the sliding carriage is measured by a force sensor. The displacement of the block during sliding is captured by an optoelectronic device which is installed on a tripod above the surface. The corresponding LED (light-emitting diode) is fixed on the block. For the first set of experiments an aged rubber mat (about 10 years old) is taken. The frictional orthotropy is given by the corrugation of the contact rubber surface with parallel ripples possessing in the cross section a periodical structure, see CAD model in Fig. 2 
The trajectory of the block is a straight line declined at angle ϕ.
Experimental results
At the beginning some experiments are performed to find out the mechanical properties of the system. All experiments were repeated twice with driving velocities of the carriage v = 12.2 cm/sec and v = 24.4 cm/sec. First of all, the sliding carriage was moved without the block in order to define the internal resistant force The focus lies on the definition of the trajectory of the sliding block. In all cases, the trajectory is defined as a straight line inclined with angle ϕ = ϕ(α), see sketch in Fig. 3(b) . The experiments for each angle α are repeated ten times showing negligible variance in the measured value, afterwards, the mean value ϕ was taken for the representation. It was also detected that the inclination angle is influenced by the sliding velocities. Combining all results leads to the diagram in Fig. 4 showing the dependency of the inclination angle ϕ on the orientation of the orthotropy given by the angle α of the ripples. In both cases v = 12.2 cm/sec and v = 24.4 cm/sec the maximum of the inclination angle ϕ is located in the range of small angles α, while the ripples are slightly inclined with respect to the angle α = 0. 
Controversial experimental results
As a fairly controversial result detected in the experiment a large sensitivity to the elastic properties of the rubber ripples was obtained. Thus, while repeating the last set of experiments for a new rubber mat with a notably higher elasticity in the ripples the inclination angle ϕ was only varying in a very small range about 0 ≤ 2 o . However, the measurement of forces still showed differences between the global coefficients of friction µ 1 and µ 2 . One explanation may be that friction orthotropy is still present, but the kinematical effect of the orthotropic mat disappears, which may be confirmed better by micro-or mesoscopic models.
As we show later, the orthotropic friction model is not capable to describe this effect from the macro-model point of view, but the orthotropic adhesionorthotropic friction interface model allows to qualitatively describe the observed phenomena.
ANALYSIS OF VARIOUS MODELS FOR ANISOTROPIC FRIC-TION AND APPLICABILITY TO THE OBSERVED PHENOMENON
In this section, the range of applicability of a classical model of orthotropic friction, based only on the orthotropic friction tensor and its generalization including orthotropy for both friction (inelastic region) and adhesion (elastic region) is discussed. The necessity to assume in addition elastic properties for the surface will be shown. As a first simple model which can be investigated analytically a material point on a plane is considered. According to the experimental tests we assume a quasi-statical motion of the material point A with weight P loaded by the force F acting along the X inclined with an angle α to the original coordinate system. During quasi-statical loading, point A is moving along a line with velocity vector v inclined with an angle ϕ. The reaction force T with Cartesian components T 1 , T 2 is acting on the point. The values of components depend on the hypothesis concerning the orthotropic friction law. Here two variants of the orthotropic law are considered: the well known orthotropic Coulomb friction law and a contact interface model including orthotropy for both friction and adhesion, see Konyukhov and Schweizerhof [14] . The equilibrium equations for the system in Fig. 5 are given as:
where N is the reaction force along the X 3 axis.
The principle of maximum dissipation is applied to obtain the sliding force T. This principle requires that the dissipation function Ψ reaches its maximum
where ∆r sl is an increment of the sliding vector. The dissipation function Ψ must also satisfy the sliding condition, formulated via inequalities, reflecting the assumed friction law, e.g. Coulomb's law.
Orthotropic Coulomb friction law
First, we recall the standard case known in literature, see e.g. [9] , [11] , [13] , where orthotropy is defined only for the sliding forces. The model is formulated according to the generalization of the sliding criteria. The yield function for the Coulomb friction law is then written as
The sticking and the sliding conditions are defined by the rule:
According to equations (4-5) the material point is not moving during sticking and the motion starts when Φ = 0. The components of the friction tensor f ij are defined for the orthotropy on the plane via e.g. the spectral representation plane as follows:
where µ i > 0 are friction coefficients along the axis ξ i inclined at angle α. The standard method of the convex analysis is applied to obtain the sliding forces with regard to the principle of maximum dissipation (3). Thus, the Lagrange function with the multiplier λ is specified as
together with the complementary Kuhn-Tucker conditions:
The optimality conditions ∂L ∂T i = 0 lead to the following sliding displacement components:
Now, taking into account the second equilibrium equation (2) tan ϕ can be determined:
and, after transformations taking into account the values determined in eqn. (6), we finally obtain:
Model for orthotropic contact interfaces including both adhesion and friction
An alternative model including orthotropy for both adhesion and friction can be proposed including the elastic-plastic analogy and the return-mapping scheme. This model is investigated theoretically and developed into the computational model by Konyukhov and Schweizerhof [14] . Then the problem is formulated in continuous form as follows a) The relative velocity vector of the contact point is decomposed additively into an elastic part v el and a sliding part v
b) The elastic part v el is responsible for reversible deformations (adhesion) and satisfies the evolution equations
We have to remark that an adhesion tensor B describing orthotropic properties for the elastic region is introduced.
c) The tangential force T must satisfy the following inequalities defined via the yield function, which in tensor form can be written as:
• if Φ < 0 then the contact point is inside the elastic domain and T = T el is an elastic force, • if Φ = 0 then the contact point is sliding and T = T sl is a sliding force.
d) The power of the sliding forces, described by the energy dissipation function D achieves its maximum:
The principle of maximum dissipation requires that the plastic dissipation function D subjected to the inequality conditions (14) achieves a maximum. For the computational treatment, the model is reformulated in incremental form and then the return-mapping scheme is applied. The incremental analog is given as i) The full incremental displacement vector ∆x 
ii) The elastic increment ∆x i el is computed via the incremental evolution equations, for which the tensor B is assumed to be constant:
iii) In order to decide whether the trial force T tr is a sliding force T sl or a sticking force T st the yield condition is checked in each load step:
• If Φ tr < 0 then the trial force is a real sticking force T = T tr .
• If Φ tr ≥ 0 then the sliding force must be obtained via the maximum of the energy dissipation function given in incremental form.
iv) The incremental analog of the continuous formulation eqn. (15) is then:
We recall the results obtained in [14] . There the sliding force T sl can be defined after the necessary transformations as
Now, we must follow the return-mapping scheme in order to define the inclination angle ϕ. The problem is considered as a displacement driven one, therefore the incremental displacement ∆r = {∆x 
Now, if sliding is assumed, the second component of the sliding force T 2 in the formulation depicted in Fig. 5 becomes zero, see equilibrium eqn. (2) . Thus, the displacement vector components ∆x 
leading to the equation for the angle ϕ:
Analysis of the model by general spectral representation
In order to calibrate later a theoretical curve ϕ(α) from the experimental tests presented in Fig. 4 , we consider a spectral decomposition of the matrix A given in eqn. (21) as
leading together with the condition (23) to the observed sliding angle ϕ defined as
The analysis for extremal values gives us
The first bracket leads to the isotropic case, whereas from the second one the following critical value is obtained:
leading to the extremum of the observed inclination angle ϕ ext for the motion of the point
Considering the last equation (28) we can obtain a critical ratio of the eigenvalues
This value will be used during the validation procedure. For further considerations we adopt the spectral decomposition also for the adhesion tensor
where ε i > 0 are stiffnesses along the axis ξ i inclined at angle α.
Mechanical interpretation of the model
As is known, the mechanical interpretation of the regularized friction model assuming elastic deformations is a spring-slider system. As generalization of this according to our model, we consider a material point with two spring-slider systems, see Fig. 6 . The properties of these system are the following: ε istiffness of i th spring, µ i -coefficient of friction for i th sliding device. Each system i is constrained to move parallel along the axis X i respectively. The constant force F inclined with angle α to the coordinate axis X 1 is applied to the point. Then the trajectory of the point lies either above the force line or below the force line depending on the ratio of eigenvalues λ 1 and λ 2 as discussed later.
CALIBRATION OF PARAMETERS FOR DIFFERENT MOD-ELS
As a representative parameter we take the curve ϕ(α) known from the experiment, see Fig. 4 . In addition, we distinguish two orthotropy angles: α -orthotropy angle for the adhesion tensor B and β -orthotropy angle for the friction tensor F. The following test computations are performed for calibration purposes:
1. The orthotropic friction model as discussed in Section 3.1.
2. The interface model including orthotropy for both adhesion and friction as discussed in Section 3.2 with the specific case of isotropic adhesion B = −εE.
3. The interface model including orthotropy for both adhesion and friction with the specific case of isotropic friction F = 1 µ 2 E. 4. The interface model including orthotropy for both adhesion and friction with the specific case of coinciding orthotropy angle α = β.
5. The interface model including orthotropy for both adhesion and friction with the specification of the friction orthotropy angle β by 90
The validation is started from the simple model including only orthotropic friction as discussed in Sect. 3.1. Our aim is to find out a case describing qualitatively the experimental results. Therefore, we perform a test computation with the following friction coefficients µ 1 = 0.1, µ 1 = 0.5. In Fig. 7 the results are depicted. In addition, at an extremal angle α = arctan Among all possible cases, the last model 5 is representing the results close to experiments. We define a new angleβ as a main angle of surface asperities in the experiment, see Fig. 8 . The orthotropy angle β for the friction tensor is shifted by 90 o degrees to β = α + π/2 with respect to the orthotropy angle α for the adhesion tensor. The structure of the tensor A is given as follows:
Then, the matrix A is derived as
leading to the following eigenvalues λ 1 = ε 1 /µ 2 and λ 2 = ε 2 /µ 1 in eqn. Thus, summarizing the numerical investigations and the comparison to the experiments it becomes obvious that for the surface as given in the experiment it is necessary to apply the orthotropic adhesion -orthotropic friction interface model. 
Calibration of the theoretical curve by extremal values
As found from the proposed model, the inclination angle ϕ depends only on the ratio of eigenvalues λ 1 /λ 2 , see eqn. (25). This ratio contains information also about the ratio of adhesion parameters ε 1 /ε 2 :
Since, the friction coefficients µ 1 , µ 2 are defined via the measurement of forces in the experiment, the inclination angle ϕ depends only on the ratio of eigenvalues ε 1 /ε 2 . Thus, we will use eqn. (25) 
where only the positive solution is taken. The ratio of the stiffness coefficient is then obtained as
A more mathematically precise least square fit method leads to the statement derived from eqn. (25). The following sum must be minimized:
where ϕ (k) are measured declination angles vs. applied orthotropy angles α (k) and β
. Minimization with regard to the variable r 2 λ leads to the following expression:
Computation according to this rule for the case with the velocity 12.2 cm/sec leads to the ratio ratio ext = 0.814 (results close to those obtained with the maximum rule in eqn. (34). The curves obtained for the various cases including the experimental results are shown in Fig. 10 and do not exhibit a good quantitively correlation. This can be explained by the fact that only a simple linear elastic model for adhesion was exploited, while the experimental test was performed with rather nonlinear rubber materials. Nevertheless, it seems to be important to consider fairly complex models including orthotropy for the adhesion and for the friction in order to describe the observed phenomena correctly. This becomes obvious especially for the description of the controversial experimental result, see Sect. 2.2.1, where for clearly geometrically anisotropic surfaces isotropic behavior was found (in the case with a new (or young) rubber). 
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CONCLUSIONS-OUTLOOK
A validation process for a particular contact problem with orthotropic contact surfaces possessing the elastic properties is discussed. It was shown in experiments that the classical model of orthotropic friction does not lead to a good correlation and cannot describe the particular phenomena when a sliding block shows isotropic behavior. A good qualitative result however can be achieved with the model involving both orthotropy for adhesion and for friction. The key to produce results with a closer correlation from our point of view can only be a more general law for adhesion as well as for friction. Thus, a more complex elastic law (e.g. Ogden material law for the 2D case) could be taken for the adhesion region together with a more complex friction law for the friction region (e.g. see the proposals of He and Curnier [12] and recently Zmitrowicz [16] ). The calibration process, in due course, can then be supported by experimental investigations as well as by numerical tests involving homogenization processes and multi-scale techniques.
